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Iron nano-particles produced by microorganisms in situ enhance oil
recovery

CHEN Jingwen!, GUO Hao!, WANG Xinlu!, JIANG Yikun', LIU Jingjing', ZHANG Fan™,
DENG Shuyuan', WANG Bo!, WEI Shiping™

1 School of Energy Resources, China University of Geosciences (Beijing), Beijing 100083, China
2 School of Marine Sciences, China University of Geosciences (Beijing), Beijing 100083, China

Abstract: [Background] Nano-particles produced by microorganisms in Situ can enhance oil
recovery. [Objective] To study the effects of iron nano-particles produced by microorganisms in
situ on oil recovery by combining microbial production of nanoparticles with the technology of
nano-fluids enhancing oil recovery. [Methods] We isolated the strains from shale rock debris and
identified the strains by genome sequencing. Subsequently, we established the standard curve of
Fe(II) concentration by the 0-phenanthroline method to determine the Fe(III) reduction ability of the
strain, and characterized the morphology and particle size of nano-particles produced by strain
interaction with hematite (Fe:03) by scanning electron microscopy, transmission electron
microscopy, and Zeta potential analysis. Finally, we investigated the ability of the nano-particles to
enhance oil recovery by determining the dynamic wetting angle at oil/water/rock interface and
conducting oil droplet stripping and transport experiments. [Results] The isolated strain was
identified as Shewanella chilikensis FR1. FR1 could rapidly reduce Fe20s, with the iron reduction
rate reaching 65.26%. After the strain was interacted with Fe2Os for 10 days, a large number of
spherical nano-particles were observed on the surface of hematite on the bacterial cell walls, inside
of the cells, and eaten by bacteria. The particles with the size >1 000 nm accounted for 88.05% in
the blank control without strain inoculation, and those in the bacterial inoculation group mainly had
the size of 10—1 000 nm. The nanoparticles in the oil-rock interface could obviously change the
wettability of oil-wetted interfaces and effectively strip crude oil on the solid interface. The
nano-particles generated by FR1 in situ could be used for core flooding, decreasing the surface
tension of the aqueous phase of the discharged fluid to 27.9-28.6 mN/m and increasing the oil
recovery to 16.38%—17.76%. [Conclusion] The results of this study provide a new technical idea
for microbial enhanced oil recovery (MEOR).

Keywords: in-situ production of nano-particles by microorganisms; iron-reducing bacteria;
Shewanella; microbial enhanced oil recovery
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S 3 L ) b 2 T AU W AR T B SR,
P b 2 AR AR, (R A O A )2
R BRI SR, P BT R AR
W, DT B0 52 = SR SR R i H P
AL SRR MEOR HiAR W, & FH B A WA s o
YR EEMER . EMRAEY . EYRMR
PRAGUON BE A R R AR R, T
PR RGP E 2 7R, Beveridge 4512
FE 2 T T K AN TR A0 i 5 5E T AP R Y W
H, IEERE] Au GOKFURL A TE L. Oves 21
Mg F 5 3 A B (Stenotrophomonas
mal tophilia) 1 JC 4 L 1 A B Ag 40K
il BUEEY T GORER . BRI, R
SERTE L AR S AT

20 K oA Ak DR HEAR A 1 0 R AR L R
T AR M AT R A o P RE R R R . 4 K R
T IRBUN, 5 F A2 PN LER,
ARSI M ARAGBE R [0 94 K Bk g
A AR K RS 7, 3R SR AeR , 1R
gl R . PRdRaE , Divandari 25U F g
B G P R R O TR, SRSCRIR ) 22%. T
ANEEEDTIG 28 T —Fh oK LR IR R, ATl oK
T4 R 30%;

ST MEOR i ARFE S, ARWFIEHREY) ™
AR TG 5 9K IR AR AL &, T B AAR |
1o R A AR AT BT E W SR 44 K i MEOR
FA, LA MEOR HAR () % J 4 {18 S0 i 5
DA S A

1 MR E5F=E
1.1 #m&

A FE A FH A0 B AR R B T AR
IS ERES, BUREEALF 2 123.5 m; FEA
Ry YRk, Hoh A BB AR ok, EAR

SAIERIA 0.5-1.5 cm, Hrpm R E AR R 5
B 62.7%. MM 4.8%., ISR 28.6%, Ik
LT 3.9% o 5 T8 FF it JC TR DR AR 28 [l S g %
—4 °ClRAF# .

1.2 BHFE. EELFIANE

AR R T R IR A (g/L) A b
2.0, HALsh 15.0, FLEREH 2.0, MEEERY 1.0, #7
BEIREK 2.5, IR LRI 14 mL, 4iE R
10 mL, -3 B2 mEE 1.0,

ZUK . MTIEIR . THIRER . TR AdkEh. &k
BE. IR, RULEAIRIR AN, E2 b aGhe
BRAF]; Jok s, KaElaf A IR A
FAES, SERHT RIS L T AR F; 415 DNA 2
Budi g, RBURERAEY TRARAE . fHil
PG g4, BT AR AR A A
HELOHL, IR OPLA R R 4
% (scanning electron microscopy, SEM), Z&/TH&
R (B A R Al i 5 BE (transmission
electron microscopy, TEM), H,f/\F]; Zeta H
B drl, iR EHENRREARAA; 2
H s Rk A, AET AR LA A A
FE A MEAAL, AE AR A BR A A 5
OO R E, VLB A AR A PR A F
PRV ARAL L, TR 2 AR A PR F
1.3 WA AELC. Bl &R Ke
il &

R T B E ARG )E A A
e, TERG LW A BT i 2B 30% Y 2R Bk
W (Fe20:) B R (L lk a0 il A el #5). i T
56 IE B0 0 DS 7 A0 K g B SR AT AT S
B, 3 AA OISR, AEa LR
TR 2 B0 2 Fot DL R 1. SE I I A% %
0.817 g/mL, HALIHLZ K BIH 1L A 20 018 mg/L,
WM 1.089 g/mL,
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x1 ANEBELBH
Table 1  Artificial core parameters

O R YRSy ALHERZ
Core (Fe203) % &

HOKE  BEXR

Core diameter Core length Permeability Porosity Pore volume

LB LB IR AN AR

Saturated crude

Clay minerals+ (cm) (cm) (mD) (%) (PV) (mL) volume (mL)
hematite (Fe203) (%)

Core 1 16.63 2.5 9 20.38 15.29 6.75 4.69

Core 2 16.63 2.5 9 19.65 15.82 6.99 4.86

Core 3 16.63 2.5 9 20.89 14.97 6.61 431

14 HEEREENEE. 7E85EE

W IUA A BRI T R IR R E E
BEREIRIL, 37 CCERERTFE 7 d, 2 10%1H R
R, 40l 5 R E SRR G T
OIS

FEDRABAER T, B LR E LR SR 1T
10 500 RANFRRE, R 0 B VR A T DR AR 8k
HEATHITA 05 85, 43 B SR HE 37 °CHeE R AR i 5 45
F% 24 h, FERERKMG, @ B E PRI
%, RIS A A R S R
B 37 °C. 200 r/min #5355 4 d.

Fie HRAH TR DNA $2 U] £ 48 HUA Pk DNA
DL RIA IR T & AR s R A AR L [ 4] DNA
JAE AR, S Y 27F (5'-AGAGTTTG
ATCCTGGCTCAG-3")#1 1492R (5'-GGYTACC
TTGTTACGACTT-3")X B #k#EFT 16S rRNA
K4  PCR WA Z2(25 pL): ddH,0 15.375 L,
10xbuffer 2.5 pL , dNTPs 2.0 pL, MgCh
20uL, F. FHFI4¥(10 pmol/L)4% 1.0 pL, #
M2 1.0 uL, TaKaRa Tag™ (5 U/uL) 0.125 pL,
PCR [ W £51F: 94 °C 4 min; 94°C 30's, 55°C
455,72 °C 1 min, 35 ME¥F; 72 °C 10 min; 4 °C
TRA7  PCR J= W4 1 %B NE 58 M R VAN ) 2%
VIR AR AR R AR A R A EL T, A
NCBI (https://www.ncbi.nlm.nih.gov) #% #i& J& +
THREMER 16S rRNA [ F4, P17

BLAST X304, FEHIH MEGA 7.0 #4428
B WERE LT,
1.5 EIRIE IR e BV E

w7 ARIED kI Fe(IDW EEFRMERZE , LIS
b 408 i T A 4 R R A TR Ak 1) R OR 1
Fe(LID) A H) 1 1 55 , 1000 5 40 T 35 55 4 v A [
FiF 1] R R W K 510 nm I B WG RS (R, 38
T ST B o R R O kR IR B AE WV R
B IR Wh Ry Fe(ID)¥e B2, DA T A 1 3 2E ) 1Y)
Fe(II1)it 5 fE T .
1.6 WEVMEHEMNRFANEER
<A
1.6.1 FHEEE

it PR 55 43 BRI R G SEM SR 40K i
LT
1.6.2 BEHTEE

i FHR P AR AL BRAL, MR 2514 20 kHz,
600 W Fkdis, AbHRAFIFES 10 min 54
VSR RSN -, JEREIAR XTS5 7 TEM
TF 50 nm K AR B S S .
1.6.3 R1EE Zeta ALK

FEGRISCAE . RS HRERE T iR 50 H2 A TR K
FR1 JRERA (FerOs) b5 75 A S5 iR R k™ kL
(25 PN IO 3R, RS RS 3 mL K552
FTREAKE LB, SRS PR
DR K B0 5 IR SRR AT T &= R S R
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AR %, PRSI BOE PR, I mL
FEA BRI A, R Zeta LA HH U HT,
L5 J5 06 o 0 ORE 5 3R W8 X B, 40 T 2 R
VEF R0 I 15 5% 0 v [ A O R 3 431 o
1.7 A RIR M gE o7
1.7.1 HK/EFENSIEEANE

i 50 g B9 P13 JEil(REFTM E P13 )5
)5 100 g PSR G BC i S50 Fh , R g5
RIRULTF P13 Eh, 65 °«C#4k 7 d, #4145
1) Yyl I Y 2 A B L R P A A S
T A B 3 R 76 R RV Hp o - oK - A T
122 ik £y BE IR [R] 9 25 A
1.7.2 HERERIEBIFESSE

H AR 500 pm (875 B ANE 7R A YL
JaPIE 7S keH, i BANE F IR B
IR TE N bE, R IE TN B IR
FES AT, a5 I R A e St
7S fe 7 B A AR TR A . I A
JEAKE S BESEAT B, 10 SR TS R tE B AN
s B It RE LI BRAEIE A, SRS R R Bk
FR1 577480 (Fe.03) 10 d B F= M vEAT Kk
UK, XA 7 K B SR S
7N BE T I A2 B o R UE AT H BRAE S, A AT i
Az Wy 7 AN K JURL AR DL 438 T8 v B ) 8 K is B
IOES T
1.8 WMEMEATHARESRWERS
IDIR B FR L SCIE
1.8.1 EESLOEEXHRRE

AR A H ] 28 8 RO A A B S 56
L OB 2K, R A R B R
1A TAEREE . B fHIRARIRE R 37 °C.
1.8.2 £ 1 xHZEKIR

Fr DA AU IS R TR Vo, Ja PP 5

FIFFRLAL I JZ2 K ) 25 g X LA R 1], LA A
P A 0.3 mL/min JF AR B2 /K 3K I g
S KIRA Y, BELEIKE = i &K 98%,
155 1k K B, 0 sk s 3R R H A Rt 1
A Vs.
1.8.3 EYER YK

JABIPEREE, FIHEA PRI ARSI S S
PRI ZE AR ], LA 0.1 mL/min A
2 PV XN BTRAR . SCH A R, DL A
FedS P RS REBIA  AE K )2 30 85, 18
EWRE 37 °C, R 7d.
1.8.4 552 )xHbEKIK

AR R 9K 7 d 5 AT 2 b2k
Ko R TIRAL, FTHAHD 2K )25 2 X T
BT, DL R 0.3 mL/min JFEAES 2 B
HuJZ KR o R K TR A, ELEOKE ™
WK 98%, 121k /KIRE, iC R ILAt IR
B A S A AR Ve o 0 2 HE HH ROK AR 2 TET 5K o
HRAE R A BT AR AR, R MR B

55 1 POKEKR IR AN -

ERS=\\//—S><100% (1)

(¢}

(DG a P& S fER/NEWE

Ennp :\\//ﬂxm% )

(6]
A Vo AR AEIIARER; Vs N3 1 it)Z K
9K Y B S AR s Ve R W IR A K I
575 2 UCHILJZ KBRS A S AR AR

2 ERE55M

21 RUBTEEAENSBESEELS
M B D0 A 0 o T R i o o AR
IR e 1 MRS AL B TR, S5 R

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1420 WAEY

FIER

Microbiol. China

FR1. 7£ SEM fOULALET T WLEE Ak FR1 JE A 4E
TE(E 1), ZAE AR, MK 1.5 um, 58
£70.3 pm, JHIJCHEE (B 1A 1B) #40TH FR1
) 16S rRNA JE[H ¥4 5 NCBI #ls 17 LE
X, SiREoR, Wbk FRI 5% /K Ria L IH

2.2 B FR1 X7REKH (Fe20:3)HI4E 4]
ER%FE
2.2.1 @&k FR1 5 Fe(ID)RYIE[R

FRE FR1 X IR (Fe O8) IR IR B A UL 3,
RIEFLWR R SRR, Fe(IDHE N 0; 1MEE

BFAI ARG, 4R PR FR1 A3 3R Fe(1l)
PIUR BE B IG hn, fEEE SR, Wbk FR1 XF
Fe(IID) b JE B BERCHR, 21557 6 d B, BiFRMl

(Shewanella chilikensis) strain SSP416 AH{LIM:
= 100% (& 2). R, %€ RPE FR1 A # /R
K75 BUFC T (Shewanel la chilikensis).,

Date: 10 Mar 2024
Time :12:19:12

200 nm EHT=5.00kV  Signal A=InLens
WD=5.6 mm  Mag=30.00 KX

1 BE#k FRI ERMBERTHMABMES A W% FRI ZMPIRES; B: 4605 FRI 4RI
Figure 1 Cell morphology of strain FR1 under scanning electron microscopy. A: Distribution status of
strain FR1; B: Pure bacterial FR1 cell morphology.

94 | Shewanella decolorationis (JQ965804.1)
53 Shewanella sp. (DQ819373.1)
9\ Shewanella decolorationis (KX950812.1)
99 Shewanella sp. (KF317755.1)
Shewanella putrefaciens (F1971881.1)
Shewanella denitrificans (AJ311964.1)
A Strain FR1 (KY885186)
100 { Shewanella chilikensis strain SSP416 (KY885186.1)
0010 100 L Shewanella algae strain MAS2741 (GQ372877.1)

2 £T 16S rRNA EEFFIMERER FR1 NRAGZELABRN 0SS AEUE N bootstrap [ 374
155 NF 5 WA E B GenBank 5855 3/ 0.010 /751 22 5 1 70 SO
Figure 2 Phylogenetic tree of strain FR1 constructed based on 16S rRNA gene sequence. Numbers at

branch point represents the support rate of bootstrap; GenBank accession numbers are shown in parentheses;
Scale 0.010 is the branch length of sequence differences.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



RIESC 45 | DR IR AL BRI A K UKL 31 ey S R iR 1421

i Fe(IDAYH A S T 5.67 mmol/L; 7ER FF )G
W1, REFRWP Fe(I)Wk BESNZE18, M55 8 d
WF, BEAR FR1 T ARERD™ (Fe203)H Fe(IIT) A Ji
RO KF] 65.26%. UL UE Ik FR1 X 2Rk 5™
(Fe203) A% Fe(1D)if J5ik Fe(ID)fffig J1181,
2.2.2 ¥k FR1 S7R88 1E R B RO AHE
7E SEM TOWAREF WLk A= 7 F R
TRERT (FexOs) LA S At iR (8] 4) o J5 4 ARk i (55
Ky ZAE A BB )R SFA G —, AR bk &
%, A& 4A); HEE FR1IFER 10d 51
IRERT F T HER AN/ N R 2R T, A Rk
TR BB (K 4B), 45 140 W FEFAAIC,

Date: 21 Sep 2021

I um =5.00kV  Signal A=InLens
Time: 12:59:18

WD=5.6 mm Mag=10.00 KX

WD=69 mm

4 A EREIEE FR1 R8T (Fe,03)1E F MUK

" (Fe,03); C: 10 d BRIE YK ik

1200 nm SHT=5.00 kV 1gnal A

n Date: 26 Mar 2024
Mag=50.00 KX Time: 13:53:16

- —— SCEG2H Experimental group
[ —— XJHE4 Control group

Fe(IN)¥ i
Fe(II) concentration (mmol/L)

[ L " 2 VS T -V B e SN |
T

0 2 4 6 8 10
B IR IE]

Incubation time (d)

3 FR1 X3 TREKH (Fe:03) IR [RB7S
Figure 3 Reduction dynamics of hematite (Fe,03)
by FR1.

I pm

HT=5.00 1gnal A=InLens
WD=6.9 mm Mag=30.00 KX

ens

A: BARREES (Fe 03); B: 10 d ZAR IRk

Figure 4 Microstate of strain FR1 hematite (Fe,O3) culture at different times. A: Angular hematite (Fe,O3);
B: 10 days flocculated hematite (Fe;Os3); C: 10 days spherical nanoparticles.
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HEWI TR AR FR1 X R0 A A W1E N, H %
—RUSEE, SUEHIES . Wik FRIAEM 10d
Jei B AR AT 2 T B 2 AR A /NS 30-40 nm
LA RIAR O BR BRIk % s BRI
PR, BT PR A G
(K 40),

SR FH TEM X} 200 B 40 LR 110 3264 7 R (1 5),
R IR 5 08 A AT (94 (K 5A),
A7 V5 0 R T (18] 5B T A 200 i s S0 o 25
A KA 5-20 nm K42 H K B EURY),  [FB
BIRARARR 150 nm 22 A7 A Uk 5 400 At f o A
PR, A1 B AR PN KR 353 43 FLREAR 55D
REFLE M, ORI B X He s (i
21 L BE SR 4 AR AT 40—50 nm 28 A7 ) UK ]

fROUL 5 6 B FR1 76 & RN 18 4 [A] B = A
5-150 nm AU, SEB0AE L3 B A M i 2R P01
FRP=GRAK, 7740k I HIL T A R A0 RO P 7 44 oK
2 B, T TR A P A e Ak AR BIL T )
TF A 5 B B R TR B 7R 110200,
2.2.3 E#k FR1 =4 YRR R 1F

FR1 JE B AORRCRAR 701 (3R 2, & 6).
R FR1 R (Fe03) 15 35 (25 1 % IR
AR 2, Bl 6A), [EAEURDRLAS 3 A1 Y FRl 87
WRLRIAE FE N 1 500-2 700 nm, k7 4£>1 000 nm
f R & IR F) 88.05%, X HRAE N rh -t AEE—
FE I Y RAE<100 nm AYRURL, 5 Ho 10.94%,
X A3 AR 3 S ) R U AT R S L AR T A
/IR R AR o T 422 A\ AR FR1 RS20 4H (3% 2,

5 Etk FR1 HERESTBEIENE A DENANEEDIM; B: SR 00 40 A b T
Figure 5 Observation of strain FR1 cells by transmission electron microscopy. A: Transverse section of a
deformed cell; B: Transverse section of a full-bodied cell.

Kl 6B), ZANHVEM 10d )5, Y Bk k2
A8 /N kAR /N 100 nm (59 580k 5 50.73%,
RiAE A 100—1 000 nm H4E KL (5 43.75%, i
KF 1 000 nm MR BT R B, 5T
5.69%. KiARSr A4 KK, WPk FRI ¥R 8k
W (Fe20:) EZ L AL R5F 4 10-1 000 nm A 4

x2 TREIEHRPHESHSITSH

Table 2 Statistical analysis of particle size
distribution in different cultures

AR S popiigd Wk FRIERE & ke

Proportion of blank Proportion after strain

Particle size

(nm) control (%) FR1 effect (%)
<100 10.94 50.73
100—1 000 1.01 43.75
>1 000 88.05 5.52

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



RIESC 45 | DR IR AL BRI A K UKL 31 ey S R iR

2.3 BE¥ FR1 KK H1E B RIE

2.3.1 E#k FRI1 KBRS AT

AN [7) 42 St ST 1) Xof 17 AN [ J80A /i /2422 Sk £
(11 7)o T 9 ) B3 7 28R40 2 7 Ak B Tk
ARESRL AR (B TA), RS AP BT D R D 3
JZIK, FITESS e AE 88 7B 2 1m A SE 5 il i

S

J.
Intensity

W

,

6 FRI1 ZRREVAARFARIRLIZE 270
Particle size distribution of nanoparticles formed by FR1. A:
Experimental group with access strains.

Figure 6

7 A EEEARET B3 N AN B AR/ A A

Je g gt R 3 B S 56 FH - I e YR B B A Y
FEfRE E S e A ol 1520 (K 7B), i/ K/

SRR R T

THE R Y B 5 R 28 TR W T AN K B R TR
(FR1 SR 1EM 10 d)bFRJ5 i AKE S rp
(B 7A), 258 5t A R SRR 5 IRk

C
1
p— 0.5
Ar ZEFDRBRAL; B BEARBRIOSIRAL

<5 #irSyringes

“Ath i Core chip

A
Fluid

Blank control group;

30 min

60 min

120 min

180 min

.

82°

107°

——

______

WO A BER 5 AR BRA UR S TR B A AR s D AN U W= AR B IR A A A

Figure 7 Different contact times correspond to different liquid phase/oil/rock contact angles. A: Cuvette; B:
Contact angle of liquid phase with simulated formation water; C: Contact angle of the liquid phase as the
original hematite particle-containing culture fluid; D: Contact angle of microbial nanoparticle-producing

culture fluid.
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B IR, A 30, 60, 120 A1 180 min J&
S B Bl AR o A 720, 820, 107°FH
107° (B 7C), Tt BTM/ZK /A 5 i I S 22 4
IR AR e , AR 1 AR k™ Uk I A el AR
WK ZE P TR A s S P B A L
AW PR SRR, A 30, 60, 120 Al
180 min J5 i 5 3EHS 7wy HEfl A 2 o 79°.
720, 65°F1 57° (& 7D), UiHIRERE FR1 7741
S0 K FTURE A Ak A AT T it Y A T Y 5 4 43
BN Rl A BT ER I B A SR KR
e e 3 DA AL TR A A AR
TR A 0 AU R R TR AR FR 77 94 K
RLTE = AHAC SR HES BUA 7 1 )2 7 4516 (1A 8),
DAARLTES 58 11 2 X o8 K it 7] 32 S T 9 37 45 40 4 5
i 220 (A5 i DA T 1 A T R
oS3 i T 3 3 e X i R DR
MR L 22

i Z sk
Stratum water
FRIE AN K 5
Wedge-shaped
nanomembrane

8 MREHEBEERRBBEENTBENTER

2.3.2 HE#k FR1 FHKRBACHEREEH
FFAE

BT SR T R AE B AN s 5 S
FRF B FR(E 9), BAE A KIKE,
EEMERE LT — 2B YA FRI
FEANAIRLIG R S , EAE EE HERS, B
ERE R B R A B, AR AR E Tl
24, WS RIS KB AR A, TR UK
TR FLRIE, T AR BR B E a] 38 i sg ok, IF
B P 7 9K B 332 A B B A4S ) — o O
REFE R, Mz EHMERE FRWMBEEL, £
AU 0 7 20 DK 85 S 0 B A 30 2 ] 4k 3 T i
L, [FEHHARER 52 8 L BRI B K LR
BLIE, K FUR R B ZEv] 1S K AR i 18 &
TBH T, G R SLR AR IR PGEE, PR
Ko 4

AR AR Tl

Carbonate rock surface
=

A=A TR

Microbial production in nanocultures

Figure 8 Schematic diagram of reduced oil droplet structure separation pressure with nano-formed wedge film.
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e —— .
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Figure 9 Observation of crude oil transportation in capillary and stripping of oil film.
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2.4 SHEMIERFEHKEOERIRHIER  MIRICE R 39.97%41.08%, WML TR

FrO IR S IR P MoK AR R A BUMAECIRES A, Rk, LA &
SRR E LS R (K 3, K 10), EIRERE (8 10D), BE, Wk FRI P90KEFRE N
(& 10A), A& 10C). HAEHIE 10By:Efk 3 UCRIMIKIHFIEAS L, FFCHIRE S B
7dJ5 .55 1 HZ KR BRI P ok 98%,  7do RIS, PEAT UK BB SR E ok
(S IE 2K IRER, —UOKIRIE (£ 3, | 10F), HE 98%, 15 1RHZ/KIRE: . 3 Lo wnsn ™
HBK AR BK 1R 64.7-65.9 mN/m, BEAF, J5 99K/E(ER 3, B 10F), ZUOKEKHE K AR
£3  HORBELIT R RCER RS = R A Rk R E K h

Table 3 Crude oil recovery and the oil-water interfacial tension of the collected output fluid during core
replacement simulation

0 A 1K) K IR 55 2 UCHE )2 7K B
Core First water flooding Second water flooding
JK AR THT 5K ) R PIE S KRR T 5K Ty JH R i R
Surface tension of aqueous  Crude oil recovery (%) Surface tension of aqueous Crude oil recovery (%)
phase (mN/m) phase (mN/m)
Core 1 65.6 41.08 28.3 16.38
Core2 64.7 39.97 28.6 17.76
Core3 65.9 40.65 27.9 16.89
A s | O ‘
M Pressure sensors
TG

T
reg

LI

RIS A
R1 nanocultus Core gripper
gl

] W ) Ak
Simulated stratified water

— F =70t [ Surface tension of 170
Datﬁﬂﬁﬁﬁime = Z 60 aqueous phase 60
u 1 S
Somputer £ = Crude oil recovery s
= 550 150 o 2
R Hr g
E 540 {402 5
# 230 e
= = 20 4120 =
2 >
g 10t 110 ©
=
=
< 0
O —UOKER UOKIROIM AR RLRS)
First water flooding Second water flooding

(After addition of nanoparticles)
10 FHOEB L RIRE = HKKERERDFFERREENE A AO0WERE; B: SRk
s C: =450 D BRI T 1 YOKEKIE; E: BUEEY R AL™ 94K 5 —UOK SR IS0 FLALIRES ;
F: — UK BRFN UK HK A DA R IBORE 5 ) 7K AH 2 181 7K ) K st R e
Figure 10 Core replacement experiment and determination of surface tension and crude oil recovery in the
aqueous phase of replacement producing fluid. A: Core replacement device; B: Experimental crude oil; C:
Three sets of cores; D: First water-driven crude oil under microscopic view; E: Emulsified state of second

water-driven crude oil after nano-microbial in-situ generator; F: Surface tension of aqueous phase and crude
oil recovery in primary and secondary water drives (after adding nanoparticles).
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Tk SRR 27.9-28.6 mN/m, $&5 RIEN
16.38%—17.76%, e\ [EIs 555 56.35%—58.84%,
B RUEE T SR R B S B O S A kB v L AR
A, TERGmMERR 2 EU(E 10E). v WAk
WA EAER, BEA IR Ik Ty, (hFL i
B, TR B2 R R H Y .
3 Wik

A B ST AE 2 R R A L IR
(Shewanella chilikensis), A7 FLIKH R . 7K
FC 14 J& (Shewanel la) 3 2200 A T IR IR EE, BT
WEIR . VB R E R R . AT, —
SERIE S HGE T AT A )2 A ) S A A
2200 R S BT T AL FAIRE i T H 4y 1Y
BRI JE AR IR BEYE R 25-45 °C, il pH
A RKTEHN 6.0-8.0 ASHFFE A A A9 T RRBCA 75
Bz DU 9 DT JE R O T 1 4.8%
TE I PE YT 51 (37 °C), alid A O Ik R
IR, N AAHR)Z 7 B 0 S A A e R
YK RERS B R ISR, U A5 43 B
PR B AN AN BB A 305 17 T B S5, T L3 55 Al
#:5h MEOR HoAR MY A& i, J A 1t ¥ 4k 2L 7T
JR AV A 1) 7 0 DK YR 1 e 3 L R 5

S B I ERA R I BE B vR FR1 X Fe(TID)iA
JERATIRE] 65.26%, Wi FRI SR (Fe.05)
HARIEAEH, 1R Fe(IDiR J5h Fe(ID), [AlMf
ARG AR AR IR R (Fea05) % 75 S BRIE 40 K Wit
R BRIE G ROR R ST 24 10-1 000 nm [A],
It HAE 100 nm 2245 B8R vh s AU Ay BLIGTAE
A7 A GRERAORL , HE4RE Crespo SEP8IFI R
J% #F B (Escherichia coli) F 4 % X 5 B 75
(Pseudomonas aeruginosa)Zil i $2 B 7 pH {H
47 6.5 8 1 mmol/L FeSO4 FIFHERF, Al dEeR
TR FesOs ARG, Fatemi 5511F] H
A ZF AT T (Bacillus cereus) JG 2 i - 5 K

Fe ifJi°h 18-29 nm K/ [l N B9 ERIE g P
Fe;O4 K BURL, BRZAEMIRA T BT R
F2 AR FE AR W R AR D S A B R
K RIORTE X BRTEVE R0 . 2 AR
SRR YT 0 A A Iz N PO R A
B RRR AR RRAUR MR, HRHGE, BREGR
A FLA 0 19 3 3 M RN 5 3 AE AR Y RE
71, G TREARFE K 1, WX sh g BE B
R T, M A A A el FET R T o il R S P A
GEIB AR o A FEANER A A5 A8 2 0 H
X F AR (Fe O3) WA W) UKL &% A6 RNk 4 Pk i
Wit — M .

TR I Rl f v, Hu)Z & KEny &gk
MR = . G RaE, XLy Yy iE
BUAH)JZ P23, BRI RIS . SR P R A
PEER LN K AT A WOR) FH b )2 TR S R i A T
fifeks, FEXTLBRGS A UCEER, AT HiE
) 2 A B AW B9k A B0, R = A
PR A K SR ] A b 2 Y A1 00 A o BRI AR P
DAL 7 R L G OK ISR 4 e T AB S A W R 4
ARG S B A Pyl G M o RS SRR A B
A2k, (B — 2 LR RCR
wn: Pk mACR M AARRL A T AR, SR
Kobr AT, TSR R S A BR DR
HE S I AE P4 v T AR BCR Y K e

KT AMFE PR B, BAR B RS
A58 ) FH B D i A 0 D 7 7 4 oK SR P T
PE R RCR IR EAR >, B2 B A vk
A3 S B A OCHIE , AR R R B
DLAKNE RIS, (BT AR AR L
FRAR I AN e 2 b AR AR 55, B H
FPEIM<1 t. FK>85% MR, K S
W ABIIERE, S 10-20 d LRV,
BRI AR R i = 5, IR A4 5
IR 74 ¢, A H KT 1:284, Hou
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SEBSIGF R PCHA B VA AR5 125 1 FH 2R AT 2R P 9K 1
N, R B KR, 10 FR IR
7 DO, KT, I X H R
50.7 to Town FFVPOVE fin = R B% i m& 111 Tl 44 B 0
b DX R 1 AT B B TR R T2 A
VIR, PR RCE IR E & BRI S KR T
B 10% . A= & 1 AR P34 R 200%. 6T
AHE ST IR L, X RUA T T M i
W SR 3R T8 S S R AR A
I, T HAS SEE 4R RN 16.38%-17.76%,
SAEYIR IS R S R 10%-15%
AR, DR FRATT T A BIF 5 (4 40 3 1o FH A, AT LA
HA RIFMATEE . 16 S /K S # s i I%
5 155 3 HH A 0L P H AT DR A B A RIOR .

4 ik

A GE N TUEAE v 43 15 VT 10 S Ak Ak
WEERE, 9850 FR1; £ 16S rRNA LK)
J¥ 5 NCBI 8482 HEAT LY, B R Bk FR1
IR 7 B K T (Shewanella chilikensis); 7t
SEARIAEZ MRE Fe(1D)He B2 A o il 4 22 T Ak 1Y
Fe(IID)if JEBE /7, FR1 X Fe(I11)HY i J5 3 7] 1k 5|
65.26%, B E H ik FR1 X R4 (Fe 0:) HA £k
WEAER ; @it SEM K& TEM X A= 7= 4 4l ok
ORI T IR AR RALE, FRPIR PR FR1 ALEERR AR
IRERIT (Fea03) 55 A8 N ERTE K IRL s 48 Zeta
AL, BRIE 40 K Fokr R SF 2 224E 10-1 000 nm
], 3 HAE 100 nm 247 5 R8s XA 40
KIEEFEW(FRL 5 AR VE 10 d)Rh/K /5 5
AT 29 285 TR AR 0 R , YA 30,60, 120 F1 180 min
S5 B RS R B A 4y R 790, 72°. 65°
1570, B AW B 9 K OB AT R AR T
JHTITE W 5 TR Y 45 4 g TR 0, et A SR T
AT RO B bk FR1 S 77 A i 40 K i i
1728 0 UR B, HE I WK AR 2R TR 5K D) T [ #

27.9-28.6 mN/m , & & J5& 0 SR Ik & N
16.38%—17.76% . K WIWFFEEE A — 2 =K
KA R BB A ACH Il R WA, T H
MEOR #&fit T—F i iy B A L
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